The canopy shading model is widely used in agroforestry systems. However, the canopy shading model cannot be verified by the measured shading distribution of an apple tree due to the uneven ground and adjacent apple trees. This paper measures the spatial-temporal distribution of the shading of apple trees based on the similarity principle of parallel solar light combined with 3D printing technology to improve the canopy shading model. The following results are drawn: (1) The current widely used canopy shading model does not consider the effect of the canopy penumbra, resulting in poor simulation accuracy in the shading distribution compared to the actual measurement; (2) The effect of canopy penumbra causes the deflection of sunlight. Hence, the paper presents the deflection equation of sunlight with statistically defined parameters derived using measured data of the shading distribution. The deflection equation of sunlight is added to the improved canopy shading model. The improved model can accurately simulate the shading distribution of an apple tree, and the simulation accuracy exceeds 94.12% when compared with the shading distribution of an apple tree; (3) The improved canopy shading model is applied to simulate the spatial-temporal distribution of the shading of apple trees in a conventional arrangement (4 m × 5 m), and the simulation accuracy exceeds 89%. Thus, the improved canopy shading model can be applied to simulate the spatial-temporal distribution of shading of apple trees.
Introduction
The agroforestry system provides new thoughts and ideas for agriculturally sustainable development [1, 2] . Agroforestry is considered an efficient practice to solve the competition between agriculture and forestry, as well as the contradiction between humans and land. Furthermore, agroforestry is an efficient approach and technical method to assist soil and water conservation, The canopy shading model still has some problems. The accuracy of the canopy shading model cannot be verified because of the poor flatness on the ground and because the neighboring tree interference cannot be measured, making the shading model less accurate. In this study, 3D printing technology was used to obtain the 3D tree model. The temporal-spatial distribution of tree shading during the day was measured using a 3D tree model. Through comparative analysis of the measured shading distribution and simulated shading distribution by the canopy shading model, the canopy shading model is modified to improve the simulation accuracy. This paper will provide a basis for the study of the spatial-temporal distribution characteristics of forestry shading. It is clear that the spatial distribution of shading time can be accepted in intercrop areas.
Materials and Methods

Study Area
The study area is located in Ji County southwest (36 • 20 20 E, 110 • 45 47 N) of Lin Feng City, Shanxi Province, China. The geomorphic types are mainly divided into loess hill, residual gully and bedrock landforms, and the topography is varied and fluctuant. The weather of Ji County belongs to the monsoon climate of medium latitudes. The mean annual temperature ranges from 9.3 • C to 11.3 • C. The mean annual precipitation is approximately 532.8 mm. Heavy rainfall mainly falls from June to October. The region has abundant light supply, and the annual sunshine duration reaches 2538 h.
The region has been performing ecological engineering based on Replacing Agriculture with Forestation since 1999, when slope farmlands were shifted to woodland and grassland. Economical forest, such as apple (Malus pumila) and pear (Pyrus spp.), was widely planted in Ji County.
Materials and Experimental Design
To study the shade range of a six-year-old apple tree, 3D printing technology was used. Based on the similarity principle of parallel sun rays, a 3D model of an apple tree reducing the average size of the apple tree by 50 times was constructed by the software of Rhinoceros version 5.0 (Robert McNeel company, Seattle, WA, USA). The 3D model was printed by the equipment of UnionTech SPSS version 600 (the company of WeNext factory, Shenzhen, China). The 3D model was used to study the tree shade distribution and improve the canopy shading model for apple trees. Based on the improved canopy shading model for apple trees, the shading distribution of apple trees under conventional arrangements was studied.
The Construction of the Model of an Apple Tree
The characteristics of six-year-old apple trees were measured (Table A1) in July 2016. Apple trees were imaged from different azimuths. According to the measured value (Table A1 ) and photos of apple trees, the three-dimensional (3D) model was constructed by Rhinoceros 5.0 ( Figure A1 ).
Shade Distribution
The shading distribution of a six-year-old apple tree was estimated using the 3D model manufactured by 3D printing. The shading distribution was performed by shadowing the 3D model irradiated by the sun's rays. The 3D models were fixed in three grid papers. The shading distribution of the shadow of the 3D model was described and recorded at 1-h intervals during the daytime (8:00-17:00). These treatments were measured on three sunny days in July 2017.
The Improvement of the Canopy Shading Model for the Apple Tree
For improving the canopy shading model, the shading distribution obtained via the canopy shading model was compared with the measured shading range. The formula of the sun's apparent motion was applied to calculate the canopy shading model. Later in the section, we present the formula of the canopy shading model and the sun's apparent motion. The canopy shading model described here is based on studies by Shu-ren Li (1994) and Talbot et al. (2011) . The canopy shading model assumes the sun's rays to be parallel, and the direction of the sun's rays penetrating the crown is uniform. The point Q (x, y, z) acts as an arbitrary point from the tree. Q (x 1 , y 1 ) is the shading point of Q ( Figure A2 ). The shading point can be described as follows:
where x 1 is the value of the X-axis for shading point Q , y 1 is the value of the Y-axis for shading point Q , x is the value of the X-axis for tree arbitrary point Q, y is the value of the Y-axis for tree arbitrary point Q , z is the value of the Z-axis for tree arbitrary point Q , h is the solar altitude angle, and A is the solar azimuth angle.
To determine shading point Q , the solar altitude angle (h) and azimuth angle (A) need to be evaluated by the formula for the sun's apparent motion. The sun's apparent motion is based on the fact that the sun moves around the earth. The formula can be described as follows (Purple Mountain Observatory):
where h is the solar altitude angle, and A is the solar azimuth angle. The range of the solar azimuth angle is from −180 • to 180 h • , where the direction of South is 0 • , the clockwise direction is positive (+), and the counter-clockwise direction is negative (−). The solar altitude angle (h) and azimuth angle (A) change over time during a year. ψ is the geographic latitude in the study area, δ is solar declination, and ω is the solar hour angle. Solar declination (δ) is an angle formed between incident sunlight and the equator. The angle has persistent invariability between the earth's rotational axis and the surface of the earth's orbit. The range of periodical annual change is from 23 • 26 N to 23 • 26 S. The mean daily motion of solar declination is only 0.13 • . δ is assumed to be constant across a day. Solar declination at a certain time is given by the following:
where δ is solar declination, δ is positive (+) north of the equator, and δ is negative (−) south of the equator. α is the radian at a certain time, and d n is days from 1 January to a certain time.
The hour angle (ω) is the angle between the celestial meridian and the celestial red meridian. The formula for calculating the hour angle is given by the following:
with
where ω is the solar hour angle, Ts is apparent solar time, t is Beijing time, and ψ is the geographic latitude of the study sample.
Shading Distribution of Apple Trees under the Conventional Arrangement
The shading distribution of apple trees was estimated using the 3D model. The shading distribution was performed by shadowing the 3D model irradiated by the sun's rays. 3D models were fixed on grid paper according to the plant spacing configuration (4 m × 5 m) and reduced by 50 times (80 mm × 100 mm) ( Figure A3 ). The shading distribution of the shadow of the 3D model was described and recorded at 1 h intervals during the daytime (8:00-17:00). These treatments were measured on three sunny days in July 2017.
Results
Simulation Accuracy of the Canopy Shading Model
The shading range obtained via measurement was compared that obtained via simulation using the canopy shading model ( Figure A4 ). Figure A4 shows that the simulated shading distribution of apple trees is obviously different from the measured range. The simulated shading distribution is expanded and migrated to the southwest. On one day (8:00-17:00), there are large errors at 8:00, 9:00, 16:00 and 17:00. The coincidence degree between the simulated shading and measured shading distribution was 72.63%, 80.02%, 78.76% and 84.00%, respectively. In the 9:00-15:00 range, the error of the shading range is small, and the coincidence degree is higher than 90.12% (Table A2 ). In space, simulated shading moved south to the maximum offset of 0.37 m and shifted westward to 0.35 m.
According to the factors analysis caused the shading of tree, the main reason is that the canopy shading model does not consider the effect of the canopy penumbra [35, 36] . The sunlight touching the canopy of the apple tree exhibits deflection. Thus, the shadow boundary is changed by the influence of the angle of deflection of sunlight. The deflection of sunlight changes the solar altitude (h) and the solar azimuth (A). The solar altitude angle appears to be slightly enlarged, resulting in a reduction in the shaded area of an apple tree. With the time approaching 12:00, the solar altitude angle increases, and the shadow deformation of the apple tree decreases. Therefore, the closer the time is to 12:00 on a day, the higher the coincidence degree of the shaded area becomes. At the same time, the solar azimuth also appears to be slightly enlarged when the sunlight is deflected, causing a change in the shading distribution of the apple tree. Compared to the shading range simulated by the canopy shading model, the measured shading range moves from east to west.
The Improvement of the Canopy Shading Model for Apple Trees
The solar azimuth and altitude angle were changed when sunlight touched the canopy due to the effect of the canopy penumbra. The angle change caused by the effect of the canopy penumbra is unknown. It is necessary to improve the shading simulation model based on the measured data. We define the angle of deflection of sunlight when contact with the canopy as the modified solar azimuth (A 1 ) and modified solar altitude (h 1 ). The parameters (A 1 , h 1 ) were introduced to improve the canopy shading model. The modified solar azimuth (A 1 ) and modified solar altitude (h 1 ) are given by the following:
where the position point (x, y, z) of the 3D apple tree model and the position point corresponding to the coordinate point (x', y') of the measured shading range were extracted at the corresponding time. 
where A 1 is the modified solar azimuth angle, A is the solar azimuth angle, and the range of the solar azimuth angle is from −180 • to +180 • , where the direction of south is 0 • , the clockwise direction is positive (+), and the counter-clockwise direction is negative (−). Across a day, the negative values are before 12:00, and the positive values are after 12:00; 12:00 is the central symmetry axis. The solar azimuth angles from 8:00 to 12:00 and 12:00-17:00 are equal, but the signs are opposite. When A < 0 (before 12:00 in a day), as the solar azimuth increases, the modified solar azimuth gradually changes from steep to slow. When A > 0 (after 12:00 in a day), as the solar azimuth increases, the modified solar azimuth gradually changes from slow to steep. A = 0 • (Beijing time 12:00) is the turning point.
(2) Modified solar altitude angle (h 1 ) and solar altitude angle (h):
where h 1 is the modified solar altitude angle, h is the solar altitude angle, and the range of the solar altitude angle is from 0 to 90 • . On one day, 12:00 is the central symmetry axis, and the solar altitude angles from 8:00 to 12:00 and 12:00-17:00 are equal. According to the introduced deflection equation of sunlight (11) and (12), the improved canopy shading model is given by the following:
where the point Q (x, y, z) is an arbitrary point from the 3D model apple tree. Q (x 1 , y 1 ) is the shading point of Q, h 1 is the modified solar altitude angle, A 1 is the modified solar azimuth angle, and the simulated shading point (Q ) was calculated by Equations (13) and (14) at one-hour intervals across a day (8:00-17:00). Shading points were connected to draw the simulated shading range over time (one-hour intervals) in a day. The spatial-temporal distribution of the shading range obtained via measurement was compared with that obtained via simulation using the improved canopy shading model ( Figure A6 ). According to Figure A6 , the improved canopy shading model can accurately simulate the shading range of an apple tree. The simulation accuracy exceeds 94.12%. On one day (8:00-17:00), the coincidence degree of the shaded area is shown in Table A2 . Consequently, the improved canopy shading model can accurately simulate the shading range of apple trees.
Applicability Analysis of the Improved Canopy Shading Model
To verify the applicability of the improved canopy shading model, we selected the conventional plant spacing arrangement (plant spacing 4 m × 5 m) to test the spatial-temporal distribution of apple tree shading.
In the conventional plant spacing arrangement, the measured shading range of apple trees is affected by adjacent apple trees. According to Figure A7a , the shading of an apple tree in a row is superimposed on the other trees at the 8:00 and 17:00 time periods. The shading is not superimposed on the row in the remaining periods. The maximum distance of shade from the north of the apple tree is approximately 2.1 m, and the maximum distance of shade from the south is approximately 1.7 m. There is no overlapping effect on the shading of the apple tree between rows. Over time, some areas are continuously shaded by the neighboring apple trees in a row ( Figure A7b ). The duration of shading is 4-7 h. The duration of shading is shortened as the distance from the apple trees increases.
The improved canopy shading model was used to simulate the spatial-temporal shading distribution of apple trees in conventional arrangements. The simulated shading distribution was compared to the measured shading distribution ( Figure A8 ). The coincidence degree between simulated shading and measured shading was 89.00%. Compared with the coincidence degree of a single apple tree, the coincidence degree is decreased. The reasons for the decrease may be that multiple apple trees affect each other and that there is an error in the actual measurement. Although the coincidence degree is decreased, the simulation effect can still better simulate the distribution of the shading distribution of apple trees in the conventional arrangement. This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation as well as the experimental conclusions that can be drawn.
Discussion
Defining the shading distribution of apple trees is the basis for designing and optimizing spatial arrangement of apple intercropping system [22, 27] . The canopy shading model is widely used to simulate shading distribution of forests [31, 32] . The challenge is that the canopy shading model cannot be verified by measured shading, making the shading model less accurate. To track the problem, this paper introduces 3D printing technology to obtain a 3D apple tree to measure the spatial-temporal distribution characteristics of apple tree shading and improve the canopy shading model using measured data. Experiments results revealed the improved canopy shading model generated higher accuracy than the canopy shading model, and the improved model can be applied to simulate the spatial-temporal distribution of shading of apple trees. Based on the results in this study, relevant issues are discussed in the following.
By comparing the shading distribution obtained via measurement and obtained via simulation using the canopy shading model, the canopy shading model has a larger simulation error. The factors that caused the shading of tree were carefully analyzed. The results showed that the canopy shading model did not consider the effect of canopy penumbra [36, 37] . The improved canopy shading model introduces the deflection equation caused by the effect of canopy penumbra, so that significantly improved simulation accuracy. The improved canopy shading model is compared to other methods (NDVI, the canopy shading model, crown shadow, etc.). The improved model can accurately simulate shading distribution and analyze the continuous shade changes of forests, adjacent interference as well as ecological environment simulation of the agroforestry complex system. The paper introduces 3D printing technology as a new study method into shading measurement of apple tree. However, the 3D apple tree has a smooth border, so the shading distribution does not reflect the influence of rough foliage on light. In addition, this paper only studies the spatial-temporal distribution of the shading of apple trees. From the overall consideration of the light environment system, we should study the intensity of solar radiation combined with shading distribution under the forest in future research to design and optimize the spatial arrangement of the agroforestry intercropping system in the future.
Shading treatment reduces the PAR (photosynthetically active radiation) for intercrops and changes the microclimate under the canopy, resulting in decreased photosynthesis and transpiration rates. However, the intercrops can adapt to the low light intensity with changes in chlorophyll and the intercellular CO 2 concentration [24] [25] [26] . The physiological characteristics and productivity of intercrops impacted by the changed microclimate need further investigation [38] . Those results showed that the light interception of trees decreased, and the photosynthetic efficiency of intercrops increased. The biomass and yield of crops increased gradually with increasing distance from tree lines [39] . The effect range of intercrops was also significantly different due to trees being in different growth seasons and different rows [40] . This is consistent with the spatial-temporal distribution of shading of apple trees simulated by the improved shading model. This is necessary for the analysis of shading distribution to use the improved shading model. Tree spacing arrangements should be determined according to the analysis of shading distribution. The planting region of intercrops should be chosen by shading time in order to avoid low economic efficiency.
Conclusions
In this study, an improvement in the canopy shading model is proposed to make the simulation of the shading distribution more accurate. The improved canopy shading model overcomes the shortcoming of the canopy shading model in which the effect of the canopy penumbra was not considered. The deflection equation of sunlight is introduced in the improved canopy shading model because of the effect of the canopy penumbra. The deflection equation is statistically put forward using measured data of the shading distribution. Applying the new model to the shading distribution from a single apple tree indicates that the improved canopy shading model provides more reliable shading distribution simulations of apple trees. Additionally, the accuracy provided by the improved canopy shading model is increased more than that of the canopy shading model.
The shading distribution of apple trees in conventional arrangements was estimated using the improved canopy shading model. The results showed good agreement between the simulated shading from the improved canopy shading model and the measured shading, which indicates that the improved canopy shading model can effectively and reliably simulate the shading distribution of apple trees. 
